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Abstract

Observations of stratospheric temperatures over the past three decades indicate a
general cooling of the global lower stratosphere, and a pronounced cooling of the
upper and middle stratosphere. This paper examines the long-term trends as
inferred from a variety of available observations. Model simulations of temperature
response due to changes in concentrations of radiatively active species are also
analyzed. A comparative evaluation of the model simulations with observations
reveals the extent to which the global-mean and zonal-mean lower stratosphere
temperature trends can be attributed to trace gas changes.

Introduction

For at least a decade now, the investigation of trends in stratospheric temperatures
has been recognized as an integral component of ozone change investigations
(e.g. WMO reports since early 1980s). A comprehensive international scientific
assessment of stratospheric temperature changes was undertaken in WMO (1990a).
Since the WMO (1990a) assessment, there has been an ever-growing impetus for
observational and model investigations of the stratospheric temperature trends,
as evidenced, for example, in successive WMO assessments. This has occurred
owing to the secular increases in greenhouse gases and the now well-documented
global and seasonal losses of stratospheric ozone, both of which have a substantial
impact on the stratospheric radiative-dynamical equilibrium. The availability of
various temperature observations and the ever-increasing length of the data record
have also been encouraging factors. In addition, models have progressively
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acquired the capability to perform more realistic simulations of the stratosphere.
This has provided a motivation for comparing model results with observations,
and thereby searching for causal explanation/s of the observed trends. The
assessment of stratospheric temperature trends is now regarded as a high priority
in climate change research inasmuch as it has been shown to be a key entity in the
detection and attribution of the observed vertical profile of temperature changes
in the Earth’s atmosphere (Santer ef al., 1996).

An excellent perspective of the evolution in the state-of-the-science of the
stratospheric temperature trends can be found in the WMO Ozone assessment
reports—WMO (1986, 1990a, 1990b, 1992, 1995 and 1999). In addition to the
WMO assessment activities during the 1990s, an important development in mid-
1990s was the initiative by the World Climate Research Pro gram’s (WCRP)
Stratospheric Processes and their Role in Climate (SPARC) project. SPARC set
up a Stratospheric Temperature Trends Assessment (STTA) group to focus on
(i) bringing together all available data sets, examining the quality of the data and
inter-comparing the resulting global stratospheric temperature trends; and
(ii) employing model simulations in conjunction with the measurements to search
for the causes of the observed trends, with an emphasis on the potential roles of
the anthropogenic species.

In this paper, we cite first the observational platforms that provide insights
into the long-term trends in stratospheric temperatures over the past 2-3 decades,
followed by the trend estimates, and a discussion of the uncertainties. We follow
this by discussions of the model investigations dealing with the impacts of observed
changes in trace gas concentrations upon lower stratospheric temperatures.
Subsequently, inferences regarding the possible cause/s and attribution of the
observed temperature trends, particularly during the 1980s, appear followed by
the concluding remarks. A detailed exposition of the material here appears in
WMO (1999; Chapter 5).

Observations

The types of observational data available for investigation into stratospheric
temperature trends are diverse. They differ in type of measurement, length of
time period and space-time sampling. There have been several investigations of
trends that have considered varying time spans with the different available data
sets. In a major inter-comparison effort, the SPARC-STTA group brought together
a variety of data sets, and have derived and inter-compared global stratospheric
temperature trends. STTA selected two different time periods to examine the
trends, 1979-1994 and ~1965-1994. The shorter period coincides with the period
when severe global ozone losses have been detected; further, satellite observations
began in ~1979. The second period is a longer one for which radiosonde (and a
few rocketsonde) data sets are available.
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The updated data sets made available to and employed by the SPARC-STTA
for the analyses are shown (with the exception of the rocketsondes) in Table 1
along with their respective latitudes, altitudes and periods of coverage. Addition-
ally, independent of the STTA activity, some investigations [Dunkerton et al.
(1998), Keckhut et al. (1998), Komuro (1989), Golitsyn et al. (1996) and Lysenko
et al. (1997)] have analyzed trends from rocketsonde observations made at a
few geographical locations and over specific time periods (see Table 2). We
utilize these datasets in the pre sentations to follow. It is convenient to group the
currently known datasets as follows:

Ground-based instruments: radiosonde, rocketsonde, and lidar;
Satellite instruments: microwave and infrared sounders; and

Analyses: employing data from one or both of the above instrument types, with-
out/ with a numerical model. :

The datasets indicated in Table 1 are a collection of monthly-mean, zonal-
mean temperature time series. All but one of these datasets cover the years 1979—
1994, and some extend further back in time. The pressure-altitude levels of the
datasets vary, but overall they cover the range 100 to 0.4 hPa (approximately 16—
55 km). Most datasets provide temperatures at specific pressure levels, but some
provide data as mean temperatures representative of various pressure-layers.
The records from radiosondes, rocketsondes, lidar and satellite (MSU and SSU)
are virtually independent of each other. General characteristics of the different
datasets are discussed in WMO (1990a, 1990b, 1999).

Radiosonde

Radiosonde data for the stratosphere are available dating back to approximately
the late 1950s. Although the sonde data do not cover the entire globe, there have
been several well-documented efforts to use varied techniques in order to obtain
the temperatures over the entire northern hemisphere or the global domains. In
the stratosphere, the sonde data cover primarily the lower stratospheric region
(i.e. pressure levels exceeding 30 hPa). The geographical coverage is quite
reasonable in the Northern Hemisphere (particularly midlatitudes) but is poor in
the extremely high latitudes and tropics, and is serjously deficient in the Southern
Hemisphere (Oort and Liu, 1993). The various radiosonde datasets, along with
key references that describe the methodology, are: “Berlin” (Labitzke and van
Loon, 1995), “Angell” (1988), “Oort” (Oort and Liu, 1993), UK “RAOB” (Parker
etal., 1997), and “Russia” (Koshelkov and Zakharov, 1998).
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Table 1 Zonal temperature time series made available to and consid-
ered by SPARC-STTA. Angell, Oort, Russia, Raob and Berlin are different
radiosonde datasets. MSU and Nash are satellite instruments while lidar
data is from OHP (France). CPC, Reanal, UKMO/ SSUANAL and GSFC
are analyzed datasets. For the MSU and Nash satellite data, the approxi-
mate peak levels ‘sensed’ are listed. References to earlier versions of the
datasets are also listed.

Dataset Period Location Monthly  Levels (hPa)
Angell 1958-1994 8 bands 3-Monthly 100-50
[Angell, 1988] 4 bands 3-Monthly 50, 30, 20, 10
Oort 1958-1989  85S-85N Monthly 100, 50
[Oort and Liu, 1993]
Russia 1959-1994 70N, 80N Monthly 100
1961-1994 70N, 80N Monthly 50

[Koshelkov and

Zakharov, 1998]
UK Raob (or Raob)  1961-1994  87.5S5-87.5N Monthly 100, 50, 30, 20
Berlin 1965-1994  10-90N Monthly 100, 50, 30
Lidar 1979-1994 44N, 6E Monthly 10,5,2,1,0.4
[Hauchecorne et al.,

1991]
MSU 1979-1994  85S-85N Monthly 90
[Spencer and Christy.

1993]
Nash 1979-1994  75S-75N Monthly 50, 20, 15, 6, 5, 2,
[Nash and Forrester, 1.5,0.5

1986]
CPC 1979-1994  85S-85N Monthly 70, 50, 30, 10, 5,2, 1
[Gelman et al., 994] 1964-1978  20N-85N Monthly 50, 30, 10
Reanal 1979-1994  85S-85N Monthly 100, 70, 50, 30, 10
[Kalnay et al., 1996]
GSFC 1979-1994  90S-90N Monthly 100, 70, 50, 30, 20
[Schubert et al., 993]
UKMO/SSUANAL  1979-1994  90S-90N Monthly

[Bailey et al., 1993]

50,20, 10,5,2,1
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Table 2 Rocketsonde locations and periods of coverage [based on
Dunkerton et al., 1998; Golitsyn et al., 1996; Keckhut et al., 1998; Kokin
and Lysenko, 1994, Lysenko et al., 1997; and Komuro, 1989 (updated)].

Station Latitude-Longitude Period
Heiss Island 81°N; 58°E 1964-1994
Volgograd 49°N; 44°E 1965-1994
Balkhash 47°N; 75°E 1973-1992
Ryori 39°N; 141.5°E 1970-Presemu
Wallops Island 37.5°N; 76°W 1965-1990
Point Mugu 34°N; 119°W 1965-1991
Cape Kennedy 28°N; 80°W 1965-1993
Barking Sands - 22°N; 160°W 1969-1991
Antigua 17°N; 61°W 1969-1991
Thumba 08°N; 77°E 1971-1993
Kwajalein 09°N; 167°E 1969-1990
Ascension Island 08°S; 14°W 1965-1993
Molodezhanaya 68°S; 46°E 1969-1994

Rocket and Lidar

Rocket and lidar data cover the altitude range from about the middle into the
upper stratosphere and mesosphere. Rocketsonde data are available through the
early 1990s from some locations but the activity appears to be virtually terminated
except in Japan (see Table 2). The lidar measurement, just like the rocketsondes,
has a fine vertical resolution. Lidar measurements of stratospheric tem peratures
are available since 1979 from the Haute Provence Observatory (OHP) in southern
France (44N, 6E). Specifically, the “lidar” (Table 1) temperatures observed at
altitudes of 30 to 90 km are obtained from two lidar stations, with data interpolated
to pressure levels (Keckhut et al., 1995). Several other lidar sites have initiated
operations and could potentially contribute in future temperature trends
assessments. :

MSU and SSU Satellites

Satellite instruments that remotely sense stratospheric temperatures have be-
come available since ~1979 (Table 1). An important attribute of the satellites is
their global coverage.The satellite instruments fall into two categories—remotely
sensing in the microwave (Spencer and Christy, 1993) and thermal infrared (Nash
and Forrester, 1986) wavelengths. In contrast to the ground-based measure-
ments, e.g. the radiosonde, which perform measurements at specific pressure
levels, the available satellite sensors sense the signal from a wide range in altitude.
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The nadir satellite instruments ‘sense’ the emission originating from a layer of
the atmosphere typically 10—15 km thick. The “MSU” Channel 4 dataset derives
from the lower stratosphere channel (~150-50 hPa) of the Microwave Sounding
Unit on NOAA polar operational satellites. The “Nash” dataset consists of bright-
ness temperatures from observed (25, 26 and 27) and derived (47X, 36X, 35X,

26X and 15X) channels of the Stratospheric Sounding Unit (SSU) and HIRS-2
instruments on these same satellites (see WMO, 1990a).

One complication with satellite data is the discontinuity in the time series ow-
ing to the measurements being made by different satellites monitoring the strato-
sphere since 1979. Adjustments have been made in the “Nash” channel data to
compensate for radiometric differences, tidal differences between spacecraft,
long-term drift in the local time of measurements, and spectroscopic drift in
channels 26 and 27. Adjustments have also been made to MSU data (e.g. Christy
et al., 1995). The MSU record has been discussed in WMO (1995).

Analyzed Datasets

There are a number of datasets that involve some kind of analyses of the
observations. They employ one or more types of observed data, together with
the use of some mathematical technique and/ or a general circulation model for
data assimilation and analysis, to construct the global time series of the
temperatures. They are. in essence, more a derived dataset than the satellite- or
the ground-based ones. The “CPC” (Climate Prediction Center, formerly Climate
Analyses Center or “CAC”) and “UKMO/SSUANAL?” stratospheric analyses (Table
1) do not involve any numerical atmospheric circulation model. The “CPC”
northern hemisphere 70, 50, 30 and 10 hPa analyses use radiosonde data. Both
the “CPC” and “UKMO/SSUANAL” analyses (see also Bailey et al., 1993) use
TOVS (TIROS Operational Vertical Soundings) temperatures, which incorporate
data from the SSU, HIRS-2, and MSU on the NOAA polar orbiting satellites.
Although mentioned here for completeness’ sake, the analyses below ignore the
“UKMO/SSUANAL” data. The “Reanal” (viz., the US National Centers for
Environmental Prediction or NCEP reanalyzed) and the “GSFC” (NASA) datasets
are derived using numerical atmospheric general circulation models as part of the
respective data assimilation systems. These analysis projects provide synoptic
meteorological data extending over many years using an unchanged assimilation
system. In general, analyzed datasets are dependent on the quality of the data
sources such that a spurious trend in a data source could be inadvertently
incorporated in the assimilation. In addition, gaps in the data pose severe constraints.
Also, analyses do not necessarily account for longer-term calibration related
problems in the data, and they may not contain adjustments for satellite data
discontinuity.
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Trends

As examples of the observed trend estimates, we examine the changes in the
lower stratosphere (50-100 hPa) temperatures, and the vertical profile of
temperature change from the lower to middle/ upper stratosphere (100 to 1 hPa).

Lower Stratosphere

Figure 1 illustrates the decadal trends for the different datasets over the 1979-
1994 period, as evaluated by the SPARC-STTA. For the non-satellite datasets,
the trends at 50 and 100 hPa are illustrated in panels (a) and (b), respectively;
panel (c) illustrates the satellite-derived trends. [The Oort data, which have been
used widely (e.g. Hansen et al., 1995; Santer et al., 1996), are not included in
this plot because they span a shorter period of time (1979-1989) than the other
datasets.]. In the case of the MSU and Nash (SSU 15X) satellite data, the trend
illustrated in panel (c) is indicative of a response function that spans a wide range
in altitude, e.g. for MSU, about half of the signal originates from the upper tropo-
sphere at the low latitudes. Because of this, caution must be exercised in com-
paring the magnitudes of the non-satellite trends in panels (a) and (b) with those
for the satellite in panel (c). This aspect could explain, in part, the lesser cooling
obtained by the satellites relative to radiosondes in the tropical regions; however,
this argument is contingent upon the trends in the tropical upper troposphere.
From an analysis of radiosonde data, Parker et al. (1997) find that the transition
height between tropospheric warming and cooling to occur at about 200 hPa,
when comparing the period 1987-1996 with 1965—1974; this would indicate that
part of the MSU weighting function would be sampling altitudes at which some
warming has occurred. [For a further perspective on trends in upper tropo-
sphere, see Hansen et al., 1997b; Santer et al., 1998]. However, a more satisfac-
tory analysis would require radiosonde based trends for the same period as the
MSU data. The MSU indicates less cooling than Nash in the tropics. One reason
for this could be that the Nash peak signal originates from a slightly higher alti-
tude than MSU; again, though, the extent of the cooling/ warming trend in the
upper troposphere needs to be considered for a full explanation. The results are
statistically insignificant in almost all of the datasets at the low latitudes (WMO,
1999). This could be in part due to the variable quality of the tropical data. It is
conceivable that the radiosonde trends are significant over selected regions where
the data are reliable over long time periods, but that the significance is destroyed
when reliable and unreliable data are combined to get a zonal mean.

All datasets indicate a cooling of the entire northern hemisphere and the entire
low and mid latitude southern hemisphere at the 50 hPa level over this period. At
the 100 hPa level, there is a cooling over most of the northern and southern
latitudes. The midlatitude (30—60N) trends in the northern hemisphere exhibit a
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statistically significant cooling at both 50 and 100 hPa levels (WMO, 1999), with
the magnitude in this region being ~0.5-1K/ decade. This feature is found in
satellite data as well. The similarity of the magnitude and significance in the mid-
northern hemisphere latitudes from the different datasets is particularly encouraging
and suggests a ro bust trend result for this time period. The trends in the southern
hemisphere midlatitudes (~15-45S) range up to ~0.5-1K/ decade, but are generally
statistically insignificant over most of the area in almost all datasets, except Reanal
(WMO, 1999). Note that the southern hemisphere radiosonde data has more
uncertainties owing to fewer observing stations and data homogeneity problems.
The non-satellite data indicate a warming at 50 hPa but a cooling at 100 hPa at the
h‘igh southern latitudes, while the satellites indicate a cooling trend. Thus, as for
the tropical trends, satellite-radiosonde intercomparisons in this region have to
consider carefully the variation of the trends with altitude. The lack of statistically
significant trends in the southern high latitudes need not imply that significant
trends do not occur during particular seasons (e.g. Ant arctic spring time). The
high northern latitudes indicate a strong cooling (1K/ decade or more) in the 50
hPa, 100 hPa and satellite datasets. However, no trends are significant poleward
of ~70N owing to the large interannual variability there. There is a general
consistency of the analyzed datasets (CPC, GSFC, Reanal) with trends derived
directly from the instrumental data. Considering all datasets, the global lower
stratospheric cooling trend over the 1979-1994 period is estimated to be ~0.6 K/
decade. The 50-100 hPa cooling is consistent with earlier WMO results based on
shorter records (1988 (e.g. Figure 6.17); 1990 (e.g. Figure 2.4-5)).

Figure 2 shows the annual-mean trend over 1966—1994 at 50 hPa and comprises
only the radiosonde record. Note that the Oort time series extends only until
1988. The cooling trends in the northern high latitudes, and in several other
latitude belts, are less strong in the radio sonde datasets when the longer period is
considered. The cooling trend in the 30-60N belt is about 0.3K/ decade. The
strong cooling trend in the Oort data in the high southern latitudes is consistent
with Oort and Liu (1993), Parker et al. (1997) and the Angell data. In the southern
hemisphere, the two global radiosonde datasets indicate a significant cooling
over broad belts in the low and midlatitudes, with the Oort data exhibiting this
feature at even the higher latitudes. The Oort global-mean trend is —0.33 K/
decade over the 1966—1989 period. In the northern hemisphere, again, the
midlatitude regions stand out in terms of the significance of the estimated trends
(WMO, 1999). Latitudes as low as 10-20 degrees exhibit significant trends over
the longer period considered.



Stratospheric Temperature Changes: Observatiohs, Model Simulations 11

Trend (K/decade)

—t— Borin —o— GSFC
-24 =—O— Reani —o— RAOB

—— CPC 0= Anged

—w— Russa

(a) 50hPa
] T

-90 -60 -30

0
Latitude

(b) 100hPa

Trend (K/decade)

R 0 -\ 'I ;l ~ "

A
Latitude
0.3
(c) Satelite
o PO
)
-0.9%
g
o
2
B 11
o
-
1.99
O Nash
Qe MSU
-2 .z T Y
-90 -60 J0 0 Jj0 60 0
Latitude

Fig.1 Zonal-mean decadal temperature trends for the 1979—-1994 period, as obtained
from different datasets. These consist of radiosonde (Angell, Berlin, UKMO/ Raob
and Russia) and satellite observations (MSU and Nash), and analyses datasets (CPC,
GSFC and Reanal). (a) denotes 50 hPa trends, (b) denotes 100 hPa trends, and
(c) denotes trends observed by the satellites for the altitude range ‘sensed’ which
includes the lower stratosphere. [Data courtesy of SPARC-Stratospheric Temperature
Trends Assessment project].
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Fig. 3 Vertical profile of the zonal, annual-mean‘decadal stratospheric temperature
trend over the 1979-1994 period at 45N from different datasets (Table 1) forthe 1979
1994 period. Horizontal bars denote statistical significance at the 2-sigma level while
vertical bars denote the approximate altitude range ‘sensed’ by the MSU, and by the
different SSU satellite channels. [Data courtesy of SPARC-Stratospheric Temperature
Trends Assessment project].
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Fig.4 Vertical profile of the zonal, annual-mean decadal stratospheric temperature
trend over the 1979-1994 period at 28-38 N from different datasets (Tables 1 and 2).
Horizontal bars denote statistical significance at the 2-sigma level while vertical bars
denote the approximate altitude range ‘sensed’ by the MSU and by the different SSU
satellite channels. [Data courtesy of SPARC-Stratospheric Temperature Trends
Assessment project].
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Vertical Profile

Figure 3 compares the vertical pattern of temperature trend at 45N obtained from
different datasets for the 1979—-1994 period. There is a broad agreement in the
cooling at the lower stratospheric altitudes, reiterating Figure 1. The vertical
pattern of the trends from the various data are also in qualitative agreement,
except for the lidar data (which, in any case, is not statistically significant over
that height range). Generally speaking, there is an approximately uniform cooling
of about 0.75 K/decade between ~80 and 5 hPa (~18-35 km), followed by in-
creasing cooling with height (e.g. ~2.5 K/decade at | hPa {~50 km}). The “analy-
ses” datasets, examined here for p>10 hPa, are in approximate agreement with
the instrument-based data. The vertical profile of cooling, and especially the large
upper stratospheric cooling, are consistent with the global plots in WMO (1990a,
Fig. 6.17; 1990b, Fig. 2.4-5) constructed from shorter data records.

Figure 4 compares the vertical profiles of trends over the 1979-1994 period
from various datasets at ~30N, including the rocket stations at 28N (Cape Kennedy)
and 34N (Point Mugu). As at 45N (Figure 3), almost all the datasets agree in the
sign (though not in the precise magnitude) of temperature change below about
20 hPa (~27 km). Above 10 hPa (~30 km), both satellite and rocket trends yield
increasing cooling with altitude, with a smaller value at the 28N rocket site. At
1 hPa, there is considerable divergence in the magnitudes of the two rocket
trends. Because the rocket trends are derived from time series at individual loca-
tions, this may explain their greater uncertainty relative to the zonal-mean satellite
trends. In a general sense, the vertical profile of the trend follows a pattern
similar to that at 45N (Figure 3).

Uncertainities in Trends

Determining stratospheric temperature trends from long-term observations is
complicated by the presence of additional, non-trend variability in the data. Two
types of phenomena contribute to the uncertainty in trend estimates. The first is
random variability that is internally generated within the atmosphere and that is
not trend-like in nature. Major sources of such variability include: the (quasi-)
periodic signals associated with the annual cycle, the quasi-biennial oscillation,
the solar cycle, and the EI Nino-Southern Oscillation (ENSO). [n addition, strato-
spheric temperatures vary in response to episodic injections of volcanic aerosols.
To first approximation, these atmospheric phenomena have negligible effects on
the long-term temperature trend because they are periodic or of relatively short
duration. Nevertheless, because current data records are only a few decades
long, at most, these phenomena may appear to enhance or reduce an underlying
trend. At a minimum, the additional temperature variability associated with these
signals reduces the statistical confidence with which long-term trends can be
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identified. While periodic signals can be removed, the effects of sporadic events
are more difficult to model and remove. Furthermore, there may be long-term
trends in these cycles and forcings that confound the analysis. A second source
of uncertainty is due to spurious signals in the time series that are due to changes
in methods of observation rather than to changes in the atmosphere. The prob-
lem of detecting temperature trends in the presence of changes in the bias char-
acteristics of the observations is receiving increased attention (Christy, 1995;
Santer ef al., 1998). It seems likely that over the next few years better methods
will be employed to quantify and reduce the uncertainty in stratospheric tempera-
ture trend estimates attributable to these spurious signals.

Radiosonde Data

Although most radiosonde analyses show cooling of the lower stratosphere in
recent decades, it is important to recognize that they all rely on subsets of the
same basic dataset, the global observing system upper-air network. This net-
work is fundamentally a meteorological one, not a climate monitoring network,
not a reference network for satellite observations, and not a network for detec-
tion of stratospheric change. Whatever difficulties plague the radiosonde net-
work when it is employed for temperature trends analysis will affect all analyses
that use those data.

The radiosonde network is predominantly a northern hemisphere, midlatitude,
land network. About half the stations are in the 30-60N latitude band, and less
than 20% are in the southern hemisphere (Oort and Liu, 1993). Moreover, the
uneven distribution of stations is worse for stratospheric data than for the lower
troposphere, because low latitude and southern hemisphere soundings have a
higher probability of taking only one observation daily (other stations make two,
and many formerly made four), and because the soundings more often terminate
at lower altitudes (Oort and Liu, 1993). Estimates of layer-mean trends, and
comparisons of trends at different levels, are less meaningful when data at the
top of the layer are fewer than at the bottom.

Analyses of SSU Data

The stratospheric temperature analyses from CPC (NCEP) are an operational
product, derived using a combination of satellite and radiosonde temperature
measurements. Radiosonde data contribute to the analyses in the NH over the
70-10 hPa levels; satellite data alone are used in the tropics and SH, and over the
entire globe above 10 hPa (Gelman et al., 1986). The satellite temperature re-
trievals are from the TIROS Operational Vertical Sounder (TOVS), which have
been operational since late 1978. A series of TOVS instruments (includes MSU
and SSU) have been put into orbit aboard a succession of operational satellites;
these instruments do not yield identical radiance measurements for a variety of
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reasons, and derived temperatures may change substantially when a new instru-
ment is introduced (Nash and Forrester, 1986). Finger et al. (1993) have found
systematic biases in the upper stratosphere. Further, these biases change with
the introduction of new operational satellites.

Satellite-Radiosonde Comparisons

A distinct advantage of the satellite instruments over in situ ones is their globally
extensive coverage. This is tempered by the fact that the signals that they receive
originate from a broad range of altitudes. This is in contrast to the specific alti-
tudes of measurements in the case of the ground-based instruments located at
specific sites. This feature of the satellite trends complicates the inter pretation
for any particular vertical region of the atmosphere and, more particularly ham-
pers a rigorous comparison with, say, the radiosonde trends. As an example,
consider the problem of the lower stratospheric temperature trends. The MSU’s
Channel 4 ‘senses’ the entire extent of the lower part of the stratosphere, and
even the upper troposphere at low latitudes. This poses problems in the precise
intercomparison of presently available satellite-based trends with those from
ground-based instruments. In the tropics, approximately half of the signal origi-
nates from the upper troposphere, leading to a potential misinterpretation of the
actual lower stratospheric temperature trend based on MSU alone. This problem
can become acute particularly if the tropical upper troposphere and lower strato-
sphere have temperature trends of opposite signs. A similar comment also ap-
plies to the interpretation of the stratosphere trends from SSU measurements.
Further, because of the areal coverage of the low latitudes, the global-means
from satellite data and those from the in situ instruments may be comparable only
after appropriate adjustments are made for the differential sampling by the two
kinds of instruments. Therefore, caution must be exercised in the interpretation
of satellite-based trends vis-a-vis radiosonde and other ground-based instruments.
Besides, satellite data interpretations also have to cope with problems involving
temporal discontinuity, instrument calibration and orbit drift.

Rocket Data

The rocket data are very useful as they were the only observations of the 30-
80 km. Region before the lidars started operating. However, determining quanti-
tative trends from rocket data is complicated by both physical and measurement
issues. A first difficulty with the rocket data is that there have been instrumental
changes and the measurements come from different types of sensors (Arcasonde,
datasonde, falling spheres). However, Dunkerton et al. (1998) have found that
these changes were a less important source of error than previously suggested.
The major source of error, and the origin of the observed spurious jumps, seems
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to be due to the change of corrections of the data to take into account aerody-
namic heating. Most of the earlier analyses did not take full account of the changes
and of the spurious jumps in the data that ensued from the above-mentioned
difficulties. These points have been considered in-depth by Keckhut et al. (1998)
and Dunkerton et al. (1998), which resulted in a very limited number of US
stations that could be used for determining trends. Yet another source of uncer-
tainty is due to the different time of measurements, as the amplitude of tidal
influence may not be negligible at these altitudes (+/— 2K around 4045 km.
according to Gille et al. (1991) and Keckhut et al. (1996)).

Lidar Record

In a pure molecular atmosphere, temperature obtained from Rayleigh lidar are
given in absolute value as a function of altitude without any need of external
calibration. However, Rayleigh lidar measurements are affected by the presence
of aerosols. After a major volcanic eruption, the stratospheric aerosols can reach
altitudes up to nearly 40 km limiting thus the lower height range where the Rayleigh
lidar temperature measurements can be made. An accuracy of 1% is easily at-
tained, with a principal limit for ascertaining the significance of a trend being the
length of the available data set. Using the actual measurements at the Haute
Provence site, it was found that the establishment of a significance in the trend at
the 95% level in the upper stratosphere required 20.5 years of data for summer
and 35 years for winter trends. More years are required for the wintertime owing
to the increased variability present in that season (Keckhut er al. 1995). Of course,
the length of a period needed to establish statistical significance also depends on
the amplitude of the signal.

Model Simulation

Concepts

In this section, we discuss results from model investigations that have analyzed
the effects due to changes in trace species upon stratospheric temperatures. We
examine the changes in the lower stratospheric region, and also mention the vertical
profile of the modeled trends from the lower-to-upper stratosphere. Numerical
models based on fundamental understanding of radiative, dynamical and chemical
processes constitute essential tools for understanding the effects of specific
mechanisms on temperature trends and variability in the stratosphere, and for
inter preting observed temperature changes in terms of specific mechanisms. The
numerical models used thus far have attempted to include, to varying degrees,
the relevant components of the climate system which could influence stratospheric
temperatures. The models also attempt to capture the important links between
the stratosphere, troposphere and mesosphere.
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Itis well-recognized that the global, annual-mean thermal profile in the strato-
sphere represents a balance between solar radiative heating and longwave radia-
tive heating and cooling, involving mainly ozone, carbon dioxide, water vapor,
methane, nitrous oxide, halocarbons and aerosols (see Goody and Yung, Chap-
ter 9 and references therein). In the context of the general global stratosphere,
dynamical effects also become a factor in determining the thermal profile. Since
the late 1950s, with increasing knowledge of trace species’ concentration changes
and their optical properties, numerical models have played a significant role in
highlighting the potential roles of various constituents and the different mecha-
nisms operating in the stratosphere. For example, WMO (1986; 1990a) concluded
that changes in the concentrations of trace gases and aerosols could perturb sub-
stantially the radiative balance of the contemporary stratosphere and thereby af-
fect its thermal state.

Early numerical models were developed as one-dimensional ones on the basis
that the global, annual-mean stratosphere is in radiative equilibrium. This implies
that, in the stratosphere, the thermal state determined is a balance between absorbed
solar radiation and absorbed and emitted thermal infrared radiation. Together
with the assumption of a radiative-convective equilibrium in the troposphere,
this led to the so-called one-dimensional radiative-convective models (1D RCMs)
which have been widely employed to study effects due to trace gas pertur bations
(WMO, 1986).

A variation of the RCMs is the so-called Fixed Dynamical Heating model or
FDH model (Fels and Kaplan, 1975; Ramanathan and Dickinson, 1979; Fels et
al., 1980). The contemporary FDH models (e.g. WMO, 1992) hold the
tropospheric temperature, humidity and cloud fields fixed and allow for changes
in the stratospheric temperature in response to changes in radiatively active species.
Itis assumed that, in the unperturbed state, the radiative heating is exactly balanced
by the dynamical heating at each height and latitude. If the concentration of a
radiatively-active constituent is altered then the radiative heating field is altered. It
is assumed that the dynamical heating remains unchanged, and that the temperature
field adjusts in response to the perturbation. In turn, this alters the radiative
heating field such that it again exactly balances the dynamical field.

The application of the RCM and FDH model concepts for understanding
stratospheric temperature changes has evolved with time (see WMO: 1990a, 1992,
1995). Both types of models have been extensively used for gaining perspectives
into the thermal effects due to the observed and projected changes in radiatively-
active trace gases. These simple models, though, have important limitations. In
particular, the FDH models can only predict temperature changes at any location
due to constituent changes occurring there; i.e. the response is entirely localized
within that particular stratospheric column. These simple models are nevertheless
useful in yielding reasonable, first-order solutions of the problem.
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There has been a steady progression from the simple RCMs and FDH models
to the three-dimensional general circulation model (GCM; see WMO, 1986 for an
early discussion of models used for studying the stratosphere) which seeks to
represent the radiative-dynamical (and even chemical in some instances)
interactions in their entirety. Such models have representations of radiative
processes that may be less complete and accurate than in the 1D models, but
provide the best means of mimicking the real atmosphere.

Effects due to Observed Ozone Depletion

Using the satellite-observed global lower stratospheric ozone losses over the ~1979—
1991 period (i.e. just prior to the Pinatubo volcanic eruption), a comparison of
the resulting radiative and radiative-dynamical solutions for the stratospheric
temperature changes can be obtained. This is illustrated here by comparing
(Figure 5) the results of the FDH and GCM simulations performed, respectively,
by Ramaswamy er al. (1992) and (1996). This comparison enables a delineation
of the role of radiative alone and dynamical influences on the temperature changes
caused by the observed ozone depletion. The GCM result, like the FDH, indicates
a cooling of the lower stratosphere, but there are distinct differences due to
dynamital changes. In the mid-to-high southern latitudes, there is less cooling in
the GCM. In the northern hemisphere, the mid-latitudes are less cold in the GCM,
but the high latitudes are more so relative to the FDH result, again a consequence
of the dynamical changes in the model. In the GCM, there is a cooling even in
those regions where there are no ozone losses imposed, e.g. the lower stratosphere
equatorward of 15 degrees. A warming occurs above the region of cooling,
particularly noticeable in the southern hemisphere, similar to the results obtained
by other GCM studies (Kiehl et al., 1988; Mahlman et al., 1994; Shindell et al.,
1998). The dynamical changes (see also Mahlman er al., 1994) consist of an
induced net rising motion in the tropics and a compressional heating of the middle
stratosphere at the higher latitudes. The annual-mean response is statistically
significant between ~13 and 21 km. in the ~20 to 50 degree latitude belt
(Ramaswamy et al., 1996). The changes at high latitudes (>60 degrees) fail the
significance test because of large interannual variability in those regions. The
warming above the lower stratospheric regions in both hemispheres is reasonably
similar to observations (Randel, 1988; WMO, 1999).

Hansen er al., (1993) show that the zonal-mean patterns of GCM-simulated
lower stratospheric temperature change due to imposed ozone losses correspond
well with observed changes. Ramaswamy et al. (1996) have compared the lati-
tude-month trend pattern of the decadal (period: 1979-1990) temperature change
and its statistical significance, as simulated by a GCM (Fig. 6a) in the altitude
region of the observed lower stratospheric ozone change (tropopause to ~7 km.
above), with that derived from satellite observations (Figure 6b) of the lower
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Fig. 5§ Annual-mean stratospheric ozone loss profile (top panel), and the
corresponding temperature changes, as obtained using a FDH model (middle panel)
and GCM (bottom panel). [Adapted from the model simulations of Ramaswamy et al.
(1992 and 1996)].
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Fig. 6 Zonally-averaged, monthly mean, lower stratospheric temperature change
1979-1991: (a) as simulated by the general circulation model (90S to 90N) due to the
observed global ozone depletion, and (b) as inferred (Randel and Cobb, 1994) from
satellite observations (82.5S to 82.5N). Shaded areas show statistical significance at
the 95% confidence level. [Reprinted by permission from Nature (Ramaswamy et al.,
Nature, 382, 616—618, 1996) Copyright (1996). Macmillan Magazines Ltd.].
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stratospliere for the same period (Randel and Cobb, 1994). In the midlatitudes,
both panels illustrate a cooling from ~January to October in the northern hemi-
sphere and from ~September to July in the southern hemisphere. The cooling in
the midlatitudes of the northern hemisphere from ~December to July, and in the
southern hemisphere from ~December to May, are statistically significant in both
model and observation. Near the poles, both the simulation and observation ex-
hibit relatively large magnitude of cooling during winter and spring. The simu-
lated cooling in the Antarctic is highly significant during the austral spring (period
of the ‘ozone hole’), consistent with observation. The springtime cooling in the
Arctic does not show a high significance owing to a large dynamical variability
there. The simulated cooling in the tropics, which arises as a result of changes in
circulation and is absent in FDH, is not significant for most of the year owing to
small temperature changes there. There exists quantitative differences between
the simulated and observed trends. In addition, there is less variability in the
model compared to observations.

Effects due to Well-Mixed Gases

The global-mean lower stratospheric cooling due to the imposed ozone loss is
compared with that due to the increases in the other well-mixed greenhouse
gases. Here, we consider the increases in CO,,CH4,N,Oand F11 and F12 since
1760. We compute the effects due to the well-mixed gases using a one-dimensional
radiative-convective model (Ramaswamy and Bowen, 1994). The changes in
concentrations of the well-mixed species follow WMO (1986, 1994). We illustrate
in Fig. 7 the effect in the 50-100 hPa layer due to consideration of the increases
since 1765. Consistent with the WMO (1986) result, the increase of CO, causes
a cooling of the 50-100 hPa layer. Next, considering the addition of the other
well-mixed gases, the cooling induced by CO, is actually lessened irrespective of
the period considered. This is in accordance with the warming caused by the
other gases around the tropopause region (WMO, 1986). This, in fact, points to
a erroneous notion expressed sometimes that CO, cooling dominates the cooling
of the entire stratosphere. In particular, this may be grossly incorrect for the lower
stratosphere; instead, other species could very well dominate, even in the situation
when CO, effects are the main cause of changes in the surface and upper
stratosphere.

Next, we compare the RCM results with the GCM result for ozone. Figure 7
illustrates that the effects due to lower stratospheric ozone loss in a decade’s
timescale have caused more cooling there than the entire well-mixed greenhouse
gases’ change since the past two centuries. This is an important point inasmuch
as it links the observed lower stratospheric cooling to principally ozone changes.
There is another salient aspect to the comparison of ozone versus the other trace
gases. This has to do with the vertical profile of temperature change observed
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over the past 2-3 decades. From calculations, when the changes due to only Co,
are compared with that due to all well-mixed gases, the transition from a warm-
ing in the troposphere to a cooling in the stratosphere occurs at a higher altitude.
This is related to the fact that the non-CO, well-mixed gases add substantial
heating in the vicinity of the tropopause, as seen in Figure 7. When the ozone
changes, as computed from the GCM (e.g. Fig. 5), are considered, the height of
transition is significantly lowered relative to the cases with CO,-only or with all
the well-mixed gases taken together. This is owing to the strong cooling impact
of ozone loss in the lower stratosphere. The suggestion that the transition in the
vertical profile from a warming to a cooling occurs at a much lower elevation
than models with only CO, increases or effective CO, increases have been af-
firmed by the studies of Hansen et al. (1995) and Santer et al. (1996).

Attribution of Observed Temperature Trends

Lower Stratosphere

As far as the global lower stratosphere is concerned, there is now a firm
documentation of the changes in ozone and well-mixed greenhouse gases. The
importance of ozone depletion relative to that due to changes in other greenhouse
gases that are well-mixed (CO,, CH, N,O, CFCs) have been evaluated by several
studies with various types of models (1D to 3D). Miller et al. (1992) and Hansen
et al. (1995) demonstrate that the global-mean lower stratospheric temperature
change in the 1980s can be explained only when ozone changes are considered.
Ramaswamy et al. (1996) show that the global, annual-mean GCM temperature
change due to the decadal ozone losses in the ~50—100 hPa (~16-21 km.) lower
stratospheric region is much greater than that due to increases in CO, only and all
well-mixed greenhouse gases taken together (Figure 7). The global-mean decadal
cooling in the 1980s due to ozone is estimated to be ~0.5 to 0.6K which is
comparable to the reported decadal trends from observations. The well-mixed
gases’ effect is much smaller, less than one-fourth that due to ozone depletion. In
contrast to the decadal ozone effects since ~1979, consideration of increases in
CO, alone since 1765 yields a cooling of only ~0.3K, while inclusion of the other
well-mixed gases that tend to warm the tropopause region yields only about 0.15K.
Based on model-observation comparisons and the current documented evidence
regarding changes in the global concentrations of radiative species, it can be
stated that the observed ozone depletion is the dominant cause of the observed
global-and-annual-mean cooling of the lower stratosphere over the 1980s’ decade.
Uncertainties arise in model simulations owing to incomplete observational
knowledge of the vertical profile of global ozone loss near the tropopause,
including that in the tropical areas. While more thorough altitudinal measurements
of ozone loss would lead to more precise simulation of temperature change, with
cooling extending to perhaps even higher altitudes (e.g. springtime southern polar
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latitudes), the lower stratosphere region, taken as a whole, can be expected to
cool notably given the magnitude of the ozone losses observed. As a principal
conclusion from all investigations thus far, whether ozone changes are prescribed
or determined self-consistently within a model, the global lower stratospheric
region, especially the mid-to-high latitudes, cools in a significant manner in
simulations for the decades of the 1980s and 1990s. In addition to the above, a
principal feature from especially the GCM studies is the reasonably good
correspondence of the zonal-mean lower stratospheric cooling trends since ~1979
with satellite and radio-sonde records (e.g. Hansen et al., 1993). It is concluded
that the reasonable consistency of the simulated cooling pattern and magnitudes
with that observed, including the regimes of statistically significant.changes,
coupled with the high correlations noted between observed temperature changes
and ozone losses, confirm the notion that ozone depletion has caused a substantial
spatially-and-seasonally-dependent effect in the lower stratosphere over the past
decade. For example, Figure 6 highlights the model-observation consistency with
regard to magnitude and statistical significance in the mid-latitudes of both
hemispheres during the first half of the year, and during the Antarctic springtime.

Although the attribution of the observed temperature trends to the observed
ozone depletion in the lower stratosphere is strong in the global, annual-mean
sense, the spatial and temporal aspects demand more circumspection. However,
no other cause besides ozone depletion has been shown as yet to yield a latitude-
month fingerprint such as that seen in the observations (Figure 6b). Thus, in the
zonal-mean, seasonal sense, it can be stated that ozone is identified as an impor-
tant causal factor of lower stratospheric temperature change.

Possible secular changes in other radiatively-active species are estimated to
contribute smaller decadal effects than the stratospheric ozone loss. Information
on decadal changes in global water vapor and clouds is insufficient to estimate
their influence precisely; there is no information at present to suggest that their
effects could be as dominant as that due to the stratospheric ozone loss. Al-
though volcanic aerosols can have substantial impact over the 1-2 years that
they are present in the lower stratosphere, their effect on the past decade’s tem-
perature trend has probably been small compared to ozone. There is little evi-
dence to suggest that forcings from the troposphere (e.g. sea-surface temperature
changes) or natural climate variability or solar cycle have significantly influenced
the global lower stratospheric temperature change over the past two decades,
although, in the absence of rigorous long-term observations, a precise estimate
of their contributions cannot be obtained. It is noted that some ozone loss has
been reported for the 1970s, too, (Lacis et al., 1990) which would have contrib-
uted to the small observed cooling during that decade. However, this contribution
is not likely to have been as much as in the 1980s and 1990s, since the ozone
losses for the earlier decades are concluded to have been never as high as those
in recent ones (Bojkov and Fioletov, 1995).
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There is a scarcity of knowledge on the low frequency variability of the strato-
sphere and its causes—from either observations or models. Unlike surface tem-
perature measurements which span multi-decades, those for the stratosphere are
available only from about late 1950s, and the continuous record is available only
at a few locations in the NH. This makes it difficult to assess accurately the low
frequency variability. While global coverage has become possible with the MSU
and SSU satellites since 1979, the time period available to-date is too short to
assess any thing beyond inter-annual variability; certainly, rigorous decadal-scale
variability analysis will not be possible until data for a few more decades become
available. The model simulations to-date suggest an inter-annual variability in
some features that bear some resemblance to that observed, but there are also
features that the existing models either cannot reproduce or fail to mimic the
observations (e.g. Hamilton er al., 1995). A prominent uncertainty arises due to
the lack of a proper simulation of the polar wintertime and winter-to-spring transi-
tional temperatures (including sudden warmings) from first principles. The usual
method to reproduce observations is to *“tune” the model in some manner, e.g.
gravity-wave drag. The quantitative effect that this has on the fidelity of the
simulation of trends and variability remains to be determined.

In general, the effect of tropospheric climate change due to changes in trace
gases and aerosols, equator-to-pole tropospheric temperature gradient, waves
propagating into the stratosphere, and the resulting radiative-dynamical-chemical
stratospheric state are not well understood in a quantitative manner. For example,
different GCMs suggest substantially different manner of changes in the charac-
teristics of the planetary wave activity due to increase of CO,, which would, in
turn, impact the radiative-dynamical interactions and the magnitude of strato-
spheric temperature changes (Fels et al., 1980; Mahlman et al., 1992; Graf et
al., 1995; Shindell et al., 1998; Rind et al., 1998).

Middle and Upper Stratosphere

Unlike the case for the lower stratosphere, the trends and significance estimated
from the different observational platforms for thie middle and upper stratosphere
are not as robustly consistent across the different datasets. The satellite, lidar and
rocket data, although having a consistency in terms of the cooling in the middle
and upper stratosphere (above ~50 hPa, e.g. Figures 3 and 4), do not exhibit the
same degree of coherency that exists with respect to both magnitude and statisti-
cal significance for the different datasets of the lower stratosphere (Figure 1).
In the middle and upper stratosphere, model results suggest that the increases
in the well-mixed greenhouse gases and changes in ozone will contribute to tem-
perature changes (WMO, 1999). The overall picture from the annual-mean model
simulations is one of cooling from the lower to the upper stratosphere. This cool-
ing in the middle stratosphere due to the well-mixed gases can be expected to be
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enhanced by the ozone losses there; the latter is estimated to yield about a 0.3 K/
decade cooling using the SAGE depletion for the 1980s period. The computed
vertical profile (WMO, 1999) bears a qualitative similarity to the observations
(e.g. Figures 3, 4) with regard to the cooling of the entire stratosphere. This
reaffirms the secular cooling trend due to greenhouse gas changes inferred for
the stratosphere from shorter records (WMO: 1990a, 1990b).

However, at altitudes above the lower stratosphere, there are major quantita-
tive differences between the modeled and observed cooling. The simulated cool-
ing increases with height when only the well-mixed gases are considered (WMO,
1999) whereas the observations indicate a rather uniform trend between 20—
35 km. (with perhaps even a slight reduction at ~30-35 km.; see Figures 3,4).
Additionally, the magnitude of the modeled cooling in the upper stratosphere is
less than that observed (WMO, 1999), e.g. at ~45 km., the modeled cooling is
about 1 K/decade due to the well-mixed greenhouse gases and about 0.3K/ de-
cade due to ozone, while the observed cooling is greater than 1.5K/ decade (e.g.
at 45 km. In Figures 3, 4). Some of this bias could be due to water vapor whose
decadal trend in the 1980s globally is not known. Recent satellite data suggests
an upward trend over the past five years which would add to the cooling trend
computed for the upper stratosphere and reduce the present discrepancy.

The vertical and latitudinal magnitude of the cooling, and likewise the location
of the warming region above the cooling in the lower stratosphere (see Fig. 5),
are very sensitive to the vertical profile of ozone depletion imposed in the model.
The models invariably locate the cooling at exactly the region of the imposed
ozone loss, with a warming immediately above it at the higher latitudes. Thus,
any shift of the altitude extent of ozone depletion in the model has the potentiai to
shift the peak cooling, and thus alter the vertical profile of the computed cooling
trend. In turn, this affects the quantitative inferences about the consistency between
computed and observed temperature trends in the middle and upper stratosphere.

Concluding Remarks

There is a strong need for a continuous temperature trends analyses and assess-
ment, with research findings made available at frequent intervals (e.g. every
5 years). These should include up dates and quality control of datasets, model-
observation comparisons, detection and attribution analyses, and improved esti-
mates for the future based on scenarios of potential changes in atmospheric
composition. Broadly speaking, the tasks include a systematic analyses of the
quality and accuracy of all of the instrumental data, quantitative analyses of the
spatial and temporal variations manifest in the observational data, improvements
in model simulations and the understanding of *natural’ or unforced variability,
model responses to changes in composition that occur within the stratosphere
and also that in the troposphere (to the extent that they affect the stratosphere),
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and careful diagnoses of the trends and their attribution using observations and
model simulations. Since the scope of the subject is necessarily large and global
in nature, it would be beneficial for the overall monitoring and research to be
performed in close coordination with appropriate national and international scien-
tific bodies (e.g. WCRP/SPARC, WMO, COSPAR, IAGA etc.). It is also vital to
sustain a linkage between temperature trends activities and the monitoring of the
concentrations of radiatively active species, especially those that are temporally
and spatially variable (e.g. ozone, water vapor and aerosols).
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